A generalframework forcalculatinglunar and solar torques on the oceanic tides is developed in terms of harmonic constituents. Axial torques and their associatedangular momentum and earth-rotationvariationsare deduced from recent satellite-altimeter and satellite-tracking tide solutions.Torques on the prograde components of the tideproduce the familiarsecular braking of the rotationrate.The estimated secularaccelerationisapproximately -1300"/century 2 (less4% after includingatmospheric tides); the implied rateof change in the length of day is2.28 miUiseconds/century.
Introduction
recently called attention to the interesting role that direct lunar and solar torques on the ocean tide play in the earth's short-period angular momentum balance ("short-period"
here meaning daily and subdaily). Brosche and Seiler noted that such torques are a potential source of angular momentum in the earth-ocean system and that this source had been neglected in previous earth-rotation studies.
The purpose of the present paper is to reexamine, clarify, and extend these ideas. We limit the discussion to the earth's spin rate and ignore the additional complications of wobble and nutation.
It suffices therefore to examine only axial torques.
We also limit the discussion to diurnal and semidiurnal tides of the second degree in the tidal potential, i.e. to the "major" short-period tides.
A qualitative understanding of the consequences of tidal torques can be obtained from the diagram in Figure 1 , which is drawn for the principal semidiurnal tide M2. Two spherical harmonic components of the ocean tide--the only two that induce nonzero torques--are displayed: prograde and retrograde components of degree 2, order 2. The prograde component is the classical tidal "bulge" that propagates westward under the moon; the retrograde component is a similar bulge, generally smaller, that
propagates eastward. ("Prograde" here impliesmoving in the same directionas the tide-generating body; this prograde/retrogradeterminology followsstandard tidalusage, but itisopposite that used in polar-motion studies.)The retrogradebulge owes itsexistence, of course,to the highly nonequilibrium form of the oceanic tides;there is no comparable bulge in the body tide.The tidalforce acting upon the prograde bulge produces the familiarsecularbraking torque (Munk and MacDonald, 1960) . The tidalforce acting upon the retrograde bulge produces a periodictorque at twicethe tidalfrequency.
This latterphenomenon isquite similarto that of libration (Chao et al.,1991; W_insch, 1991) in which the triaxial ellipsoid of the solidearth experiencesa periodictorque at exactly the tidalfrequency as itrotatesbeneath the moon. But because the ocean's retrograde bulge travelseastward at twice the earth'srotation(relative to the moon), the torques on itare twice as rapid.
In the same manner, there are interaction torques between tidalconstituents--for example, solar tidaltorques on lunar tidalbulges. These torques have periodicities at the sums and differences of the In the followingcalculations, earth aneiasticity isignored. This allows us, among other things,to neglectthe torques on the lagged body tide and to concentrate on the oceanic problem. Given the most recent estimatesof the body-tide lag (e.g. Ray et al.,1996) , neglectinganelasticity may induce errorsof perhaps a few percent at most. There are,nonetheless,still nonzero torques on the solid-earth tide,since there isa fairly large radial-displacement load tidecaused by the oceanic tide,which actsto reduce the overalltorque by some 30%.
Finally,it is important to realizethat the torques under discussionare on the tidalheight fluctuations alone,not the entireocean. Torques on the latter, integratedvertically from mean sea level to the ocean depths, are included in the solid-earth libration, which isdependent on the inertiatensor of the whole earth, includingthe ocean, and isdetermined from the gravitational Stokes coefficients of the whole earth. This point isindeed stressedby Brosche and Seller(1996) ,but itisunclear from their paper whether they followedit, since they found alltorques of the same tidalspeciesto have precisely the same phase (seeJT _ in theirTable 1). A constant phase does occur forlibration, but itshould not be expected for torques on the ocean tides. The potential U acting on the ocean tide _ produces an axial torque of general form
Torque Estimates
where p is the density of seawater and x is a vector from the geocenter to the differential mass element p dV. This torque can be simplified to a surface integral by the thin-shell approximation:
with dS a differential of area. The corresponding torque of U acting on the solid-earth load tide cannot be similarly simplified, but it can be trivially accounted for, as noted above, by considering the torque of the ocean tide's gravitational potential acting on the moon, which is equal to -r_. For that torque, accounting for the load deformation requires only an additional factor of (1 + k_), where k_ is a load Love number (Munk and MacDonald, 1960) . The equivalence of the two torques implies that Fz must also include the torque on the deformation via the identical factor. Hence the combined torque is
With the previous expressions for _ and U, integration is straightforward. Owing to orthogonality of the spherical harmonics, only terms in ( with (n, m) = (2,1) for diurnal tides and (2,2) for semidiurnal tides are effective. CAn identical simplification occurs for work and dissipation integrals; see, for example, Lambeck [1980] and Platzman [1984] .) Inserting (1) and (2) 
Oceanic tide coefficients
For the oceanic tide coefficients we adopt (see Table 1 The largest tide neglected in Table 2 is probably v2. It can be estimated from the semidiurnal admittances; for the EGM96S model, we get D+2 = 0.121 cm, ¢+ = 117°, which implies l_l = -1.4" cy -2.
A handful of other minor tides would add a few more arcseconds.
In passing, we note that the long-period tides, with zonal potential V = g/74(5/4_) _(cos e)cos _t, gives the earth's fl. The two approaches to l_ agree to within about 1% for M2 and within 1" cy -2 (the resolution of Table 2 ) for all other tides. These can likely be further reduced by closer attention to consistency in geophysical and astronomical constants and models; this will become more critical as observational accuracies continue to improve.
Long-period variations
The same prograde oceanic terms responsible for the secular acceleration also induce long-period oscillations in the earth's rotation rate when al _ a2. We consider two cases: (1) a constituent acting upon its nodal sideline, which generates 18.6-year variations and (2) the case when gl, _2 correspond to the largest tides, M2 and $2, which generates variations at the frequency of the near-fortnightly MSf tide.
Variations at 18.6 years
All lunar tidal constituents undergo an 18.6-y nodal modulation as the lunar orbital plane precesses around the earth. As a consequence, any tide's contribution to the secular braking torque must undergo a corresponding periodic variation. O1 has one of the largest nodal modulations, so we concentrate initially on it. The O1 modulation in _t will be augmented by other lunar diurnal tides, all of which are largest when the lunar orbit is maximally inclined to the earth's equator. This occurs when the longitude of the moon's ascending node is aligned with the equinox (i.e., when the longitude of the node is zero). These diurnal-tide modulations are offset, however, by the semidiurnal tides, which are largest when the lunar orbit isclosestto the equator (K2 isan exception). As willbe seen, the cancellation between diurnalsand semidiurnalsturns out to be nearly complete.
Consider Eq. (4a) The signs of these terms are consistent with the nodal modulations of these tides, which act to reduce the amplitudes of M2 and N2 when N t = 0 and to increase the other four (Doodson and Warburg, 1941, Table 7 .3). Of the semidiurnals, K2 is anomalous because it is a "declinational" tide: it arises from the modulation of the principal tide M2 caused by the twice-monthly excursions of the moon away from the earth's equator. This modulation, and hence the amplitude of K2, therefore increases, not decreases, with the lunar declination.
The large cancellations between diurnals and semidiurnals leave a residual of only 0.27 ms. This variation in UT is very small compared to the dominant tidal variation at the nodal frequency, which is due to the body tide's direct perturbation to the moment C. According to Yoder et al. (1981) , the body tide generates oscillations in UT of amplitude 172.05 ms.
There is no dynamical reason for supposing that the above cancellations might in fact be perfect, since they depend on the tidal behavior of the oceans. One might imagine, for example, an ocean that somehow suppresses one tidal species, causing far less cancellation than now exists. it is for most other long-period tides, and in fact it might conceivably explain the anomalotjsly large observed variation in UT1 at this frequency (Chao et al., 1995) . The question has been examined recently by Cartwright (1997) , who finds the effect too small to explain the anomalous observations.
Variations
The following calculation repeats Cartwright's in the context of the above formalism.
Unlike the nodal variation, the lag ¢+ for M2 and $2 are different, and the two torques cannot be trivially combined as in the nodal modulation case. The variation in UT1 is (with obvious subscripts)
Here a is the frequency of MSf, and at -2D where D is the mean lunar elongation. At this frequency, the mantle is presumably uncoupled from the core and C should be decreased by 12% (Yoder et al., 1981) . After some algebraic manipulation, with M2 and $2 coefficients from the Schrarna-Ray model, this becomes AUT = 0.23 cos(2D + 3°) _s.
The excess length of day is AA = 0.098 sin(2D + 3°) ps, very close to that estimated by Cartwright (1997) . According to Yoder et al. (1981) , the main body-tide effect at MSf causes a variation in UT of amplitude 78.1 ps. Hence, as Cartwright noted, the ocean-torque interaction is of no great significance.
Short-period variations
We come finally to the subject of Brosche and Seiler (1996) (Torge, 1980) , and the torque on this solid-earth "bulge" causes UT1 variations of order 1 _s (Chao et al., 1991; Wfinsch, 1991) (1994) . The rotation rate is ft = 7.2921 x 10 -5 s-l; the moon's mean motion is n ----2.6653 x 10 -e s -1. Units of l_/are arcseconds per century _, I" cy-2= 4.868 x 10 -25 s-2.
C-R = Cartwright and Ray (1991); S-R = Schrama and Ray (1994); EGM96 = Lemoine et al. (1998) . S-R estimates of QI, Pl, K_ are inferred from the admittance defined by its major tides. The EGM96 estimate of $2 includes effects of the $2 air tide, for which +55 has been added to its total.
Retrograde bu_
Prograde bulge n-Q
